HISTORICAL PERSPECTIVE
Perhaps because blood samples are readily available, globin research has always been on the leading edge of the biomedical sciences, appealing not only to hematologists but also to many scientists working in the related fields of genetics, structural biology, and molecular biology. The convergence of different scientific disciplines and leading scientists in one field has stimulated research and led to impressive advances in our scientific knowledge over the years. In fact, many of the most exciting biomedical discoveries in the 20th century are linked to globin research. Hb was the first complex protein to have the threedimensional structure solved (1) and globin the first gene to be cloned (2) . Sickle cell disease was the first genetic disease to be characterized at the molecular level (3) . The first observation of the occurrence of polymorphisms along the DNA was made in association with the globin gene cluster (4) and the discovery was immediately applied to the prenatal diagnosis of sickle cell and thalassemia diseases by DNA analysis (5) . The field of gene regulation is also heavily indebted to scientists working on globins. ␤-globin was the first promoter to be extensively characterized in its constitutive elements (6) and the so-called LCR represented the first demonstration of the existence of distant regulatory elements controlling complex clusters of genes (7) .
REGULATION OF THE 〉-GLOBIN GENE EXPRESSION
The human ␤-globin gene cluster consists of five genes arranged in chromosome 11 in the same order in which they are expressed during development: 5'--, G␥ -, A␥-, ␦-, and ␤-globin gene (8) (Fig. 1) . Physiologically, the expression of the genes is generally regulated in such a way that at any point in development the output of the ␤-globin-like chains equals that of one of the ␣-globin chains (␣:non-␣ ratio ϭ 1). This is the result of fine transcriptional, posttranscriptional, and posttranslational control by which the transcriptional excess of the two ␣-genes is leveled up to the output of the single ␤-globin gene (9) . However, the regulatory mechanisms do not take into account whether the genes, which are yet to be activated, are functional or not. Consequently, when the programmed developmental time for the activation of a globin gene is reached, the transcription machinery will be positioned and engaged on its promoter even when the gene is defective and unable to produce any protein. When the defect resides in the ␤-globin gene, the decreased ␤-globin synthesis will result in unbalanced chain production and ␤-thalassemia.
All of the proximal regulatory sequences required for a correct initiation of transcription, and most of the controls that allow correct developmental regulation in transgenic mice, are present within the first 500 bp, 5' to any globin gene. Interaction with more distant elements is required for maximal expression (7) . The promoters of all the globin genes share remarkable homology but they also show unique sequences that may be responsible for conveying the developmental stage specificity of each promoter. In a seminal article, Myers and Maniatis (6) conducted a fine genetic and structural analysis of the mouse ␤-globin promoter and identified three major regulatory elements, the TATA, CAAT, and CACCC boxes, that were required for full globin gene expression. These elements, with minor sequence variations, are present in all globin promoters. The ␥-and ␤-globin promoters, which, because of their involvement in the fetal to adult globin switching, have been the subject of the most intensive investigation, have a prominent element difference because the ␥-shows a duplication of the CAAT box and a single CACCC, whereas the ␤-globin presents duplicated CACCC boxes and a single CAAT (Fig. 2 ). These differences may have implications for the developmental regulation of the genes but experimental proof is still lacking. Several ubiquitous factors can bind these sequences in experimental conditions, but the really determinant factors are more likely erythroid specific factors that have only recently begun to be identified. A sequence element at Ϫ50 from the cap site in the ␥-globin promoter, SSE, has received much attention as the determinant of the fetal specific activation of the ␥-globin gene. In fact, SSE is responsible for the preferential activation of the ␥-versus the ␤-globin promoter when assayed competitively in the same plasmid, and conveys fetal stage expression to the ␤-globin gene when swapped from the ␥-to the ␤-promoter (10). The embryonic -globin gene, unique among the ␤-like globin genes, maintains an appropriate developmental regulation even when associated with the LCR. This behavior is referred to as autonomous developmental regulation to distinguish it from the regulation of the ␥-and ␤-globin genes, which, when linked to the LCR, lose the developmental regulated expression, unless both genes are simultaneously present in the transgenic construct (competitive developmental regulation). In fact, transgenic mice experiments have established that the developmental control of the -gene is fully achieved by a DNA fragment of 3.7 kb that includes only the -gene and 2 kb of upstream sequences, in the absence of any other globin gene in the transgenic construct. Therefore, this fragment should contain all sequence elements required to fully activate and silence the -globin gene. The activating sequences are ill defined but known to lie within the first 200 bp of the promoter. A silencer has been described further upstream, between Ϫ179 and Ϫ463 bp, and found to contain DNA binding sites for SP1 or other CACCC binding proteins and for GATA-1. Mutations of the GATA-1 site increase the -gene expression suggesting that in this context GATA-1 acts as a repressor.
LOCUS CONTROL REGION
DNA sequences in the 5' region of the cluster, up to 50 kb from the ␤-globin gene, contain four erythroid specific DNase I HS and a further upstream site (HS-5) that is ubiquitously and constitutively on and may signal the boundary of the cluster 
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CAO AND MOI (11, 12) . HS are a hallmark of DNA-protein interactions and of peculiar modifications or modeling of the chromatin structure (open structure) that facilitate the access of regulators and lower the threshold for activation of the linked genes. Each HS is generally constituted of combinations of several DNA motifs for interacting transcription factors, among which the most important are GATA-1 and NF-E2 (13) . Because they confer a position-independent, high level of expression on linked globin genes in transgenic mice (7), the four HS together are referred to as the LCR of the ␤-globin gene cluster. Since the discovery of the LCR, a great number of HS dissections and combinations have been done in different experimental systems to clarify how the LCR works, but also to identify the minimal sequence requirements to create an LCR compact enough to fit available vectors for the gene therapy of the thalassemias and sickle cell disease. Despite differing opinions and oftencontrasting models proposed to explain the LCR mode of action, there is a consensus among globin investigators on several points. Individual or combined HS fragments never reach the level of activity of the intact full LCR. Even though some experiments suggested specific interaction and activation among individual HS and globin genes (14) , the current favored model suggests that the LCR acts as a holocomplex of all HS that interacts with only one globin gene at a time during erythroid development. Specific gene expression is the result of a dynamic competition for interaction among the genes and the LCR. As anticipated, in the competitive model of developmental regulation, the ␥-and ␤-globin genes are developmentally regulated only when the LCR and both genes are simultaneously present in the transgene construct (15, 16) . Otherwise, inappropriate expression occurs for the ␤-globin gene during fetal stages and for the ␥-globin gene during adult stages of erythropoiesis. Besides competition, other variables that affect the strength and time of interaction between LCR and globin genes, and thus the overall expression, are the gene order (17) , the distance from the LCR (18) and the transcription factor milieu, which in turn varies with the stage of development. The importance of the transcription factor environment is clearly demonstrated by the disruption of the EKLF murine gene. In the absence of EKLF, DNase I HS does not form in the ␤-globin promoter and in the LCR region, and the ␥-to ␤-globin switch is disrupted by the persistence of higher ␥-globin levels and severe reduction of the ␤-globin chains (19 -21) . The interaction of the LCR with a gene and thus its activation is not irreversible. In fact, primary ␥-globin transcripts can be found in cells that have already switched and display predominant ␤-globin chain in the cytoplasm. This experimental evidence indicates that the LCR can flip-flop back and forth to activate adjacent genes such as the ␥-and ␤-globin genes and that it is the total time spent by the LCR in each gene interaction that determines the prevailing chain in the cytoplasm (22) . In experiments where the five ␤-globin genes or LCR in transgenic mice were inverted in a YAC containing the full ␤-globin cluster (23), it was determined that the normal orientation of the genes to the LCR is important for developmentally regulated high expression of the globin genes. In fact, inversion of the globin genes so that the ␤-globin gene is next to the LCR causes inappropriate fetal expression of the ␤-globin gene, whereas LCR inversion dramatically decreases the expression of all the globin genes. In the latter configuration, the interposition of HS-5, which may have intrinsic insulating properties (24) , between the LCR and the globin genes could explain the generalized suppressive effect (23) . Such insulating activity, characterized by enhancer blocking and heterochromatin suppressing effects (25) , has clearly been demonstrated in the chicken ␤-globin cluster for the homologous site (HS-4).
The regulatory role of the LCR is also strongly supported by the silencing of all the ␤-globin genes produced by the naturally occurring deletions of the LCR in the (␥␦␤)-thalassemias (8) (Fig. 1) . Even though deletions of any single HS by homologous recombination in mice had only minimal effects on globin expression, the deletions of the full LCR reproduces in mice the severity of the human (␥␦␤)-thalassemias and is lethal in utero (26) . However, the normal formation of the HS suggests that other sequences in the human (␥␦␤)-thalassemia deletions are responsible for establishing an open chromatin configuration. A long terminal repeat of the human endogenous retrovirus ERV-9, recently found 5' to HS5 in the human beta globin cluster, has features of erythroid regulatory regions, functions as an erythroid specific enhancer, is evolutionarily conserved and may serve a relevant host function in regulating the transcription of the ␤-globin (27) . ERV-9 generates a large extragenic transcript that originates in its long-terminal repeat TATA box and extends further downstream as far as the -globin gene. Similar intergenic transcripts are found all over the cluster, exclusively in the erythroid tissues. Although their significance has not yet been established, they are thought to be important in keeping an open configuration of the chromatin (28) . Beside ERV-9, several other enhancers have been described in the ␤-globin gene cluster, the strongest of which is contained in HS2 (29 -31 ).
An origin of replication, described in proximity to the ␤-globin gene, determines early replication in the erythroid tissues and becomes late replicating when the cluster is silenced as exemplified by the Spanish (␥␦␤)-thalassemia deletion.
Hb SWITCHING
The most intriguing and one of the most studied events that occurs in the ␤-globin cluster is the so-called Hb switching, the suppression of the ␥-globin gene accompanied by the complementary rise in the expression of the previously silent ␤-globin gene (8) . Understanding this process has obvious therapeutic implications for the therapy of ␤-thalassemia and sickle cell disease. In fact, because the ␥-globin gene can functionally substitute for the defective ␤-globin gene of these diseases (32) , any advancement in the comprehension of the Hb switching is likely to benefit therapies based on the reactivation of the ␥-globin gene. The regulation of this phenomenon appears to be mainly a matter of promoter regulation as the ␥-and ␤-globin genes are developmentally regulated in transgenic mice, even in the absence of LCR.
Switching factors. The major advances in the field are related to the discovery of novel transcription factors that, by 417 binding to the promoter elements, regulate the stage-specific expression of the ␥-and ␤-globin genes. One such factor is EKLF (33) , which binds the ␤-CACCC with higher affinity than the slightly different ␥-globin CACCC box and preferentially activates the ␤-globin (34, 35) . Furthermore, EKLF is expressed more in the adult stages of development (36) and its gene inactivation in the mice leads to a clear picture of ␤-thalassemia. Thus, EKLF behaves as an adult switching factor. The search for corresponding fetal specific factors by homology screening has led to the isolation of two more factors, FKLF and FKLF-2. FKLF is more active on the -and FKLF-2 on the ␥-globin gene. FKLF-2 is also a stronger transactivator as it boosts the expression of the ␥-globin gene more than 40 times compared with a six-fold transactivation for FKLF. However, the expression profiles of FKLF (37) and FKLF-2 (38) are not absolutely erythroid specific and their role in switching needs further confirmation in experiments on gene disruption. Another factor that may be implicated in Hb switching is SSP (39, 40) , a protein that binds to the SSE of the ␥-globin promoter. The element has been shown to confer fetal stage expression on a ␤-globin promoter and to delay and prolong Hb switching when deleted from transgenic mouse constructs (41) . SSE is bound by SSP, a complex heterodimer between the ubiquitous CAAT binding protein CP2 and an erythroid-restricted subunit NF-E4, which has been recently identified (42) . The latter appears to confer the SSE binding specificity and the preferential activation of the ␥-over the ␤-globin promoter. Knockout of CP2 (43) produces a silent mice phenotype, probably through compensation by homologous proteins, whereas the knockout of NF-E4, from which more meaningful results are expected, has not yet been done. Two more factors are known to influence the expression of the ␥-globin gene and may have a role in Hb switching. One is COUP-TFII (44), a retinoic acid orphan receptor that corresponds to the erythroid specific binding activity of NF-E3 (45, 46) . The protein binds to a consensus site that includes the ␥-globin CAAT element and may act as a repressor of the ␥-globin expression (47) . The last putative switching factor is PYR (48, 49) , a complex of several proteins with SWI/SNF activity that promote chromatin modification and remodeling (50) . PYR is an adult stage-specific factor that binds to a pyrimidine-rich DNA stretch between the ␥-and ␤-globin genes from where it might repress ␥-globin and activate ␤-globin gene expression. Deletion of the PYR element determines a prolonged and delayed switching. The DNA binding component of the PYR complex is the transcription factor Ikaros (51), previously thought to be a lymphoid specific factor.
PHARMACOLOGICAL INDUCTION OF THE ␥-GLOBIN GENE
The first demonstration that HbF synthesis could be increased with drugs dates to 1982, when it was observed that 5-azacytidine, a cytotoxic drug, infused intravenously in monkeys stimulated sustained HbF production. The drug was also active in human trials, but its use was soon discontinued due to concerns on the potential carcinogenesis. Hydroxyurea, another cytotoxic drug, was as effective as 5-azacytidine at inducing ␥ -globin synthesis and was preferred in clinical use for the convenience of oral administration and for its better pharmacokinetic and safety profile. Both drugs are thought to act through demethylation of regulatory sequences or by selectively destroying the more mature rapidly cycling erythroid cells and favoring the circulation of earlier progenitors with higher HbF content. The effect of both drugs is transient, variable, and unpredictable. A few years later, it was observed that infants of diabetic mothers had a prolonged switching period that was ascribed to an increase in the blood concentration of butyric acid. Butyric acid and several other short chain fatty acids induce HbF, probably by inhibiting histone deacetylase. Acetylated histones are thought to maintain a chromatin configuration that allows for gene transcription. Also, in selected metabolic diseases, an increase in HbF levels during acute crisis was associated with high plasma levels of short-chain fatty acid metabolites (52) . As with hydroxyurea and 5-azacytidine, the clinical response to butyrate is extremely variable and apparently dependent on the genetic background of the patient. Better results have been associated with the intermittent administration of the drug. A promising new field of research correlates the expression of the ␥-globin gene with the cellular concentration of cGMP and its repression with increases in cAMP concentration (53) . According to this view, general transduction pathways should also be implicated in the regulation of the globin gene expression.
Regulation of the ␣-globin genes. The ␣-globin gene cluster resides on the tip of chromosome 16(p13.3) (Fig. 3) . The cluster contains three genes and several pseudogenes arranged from the telomere toward the centromere in the following order: 5'-2-1-␣2-␣1-␣2-␣1-1-3'. Like the ␤-globin cluster, the embryonic gene (2) occupies the place nearest to 
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CAO AND MOI the 5' region and the adult globin genes (␣2-␣1) the place nearest to the 3' region. However, the ␣-cluster lacks a gene expressed uniquely in the fetal period and has two fully functional genes (␣2-␣1) that cover fetal and adult expression, combining with the ␥-globin gene during fetal erythropoiesis and with the ␦-and ␤-globin genes in the adult stages of development. Even though the globin genes derive from a common ancestor and share structural similarities, the regulation of the ␣-globin genes differs in many aspects from that of the ␤-globin gene (54) . Competition among genes does not appear to take place in the regulation of the ␣-globin gene cluster as all the genes are appropriately regulated when individually linked to the ␤-LCR or the Ϫ40 HS element (55) . However, like the -globin gene, the embryonic 2-gene is silenced in adult life through DNA sequences that lie near the promoter but are distinct from the corresponding -globin gene silencer sequences (56) . Contrary to the interstitial position of the ␤-globin gene cluster (11p15.5), the ␣-cluster occupies a telomeric chromosomal position that places the cluster in a highly unstable and variable region and may have implications for overall gene expression. The whole ␣-cluster region is highly GC rich, on average 54%, and has a constitutive open configuration of the chromatin and high density of adjacent constitutively expressed nonglobin genes. The repetitive sequences in the ␣-globin cluster are of the Alu family, whereas the ␤-globin gene cluster is rich in LINE repetitive elements. The ␣-globin gene cluster also differs from the ␤-cluster in its earlier replication time and in the absence of matrix attachment regions. It is still uncertain if the ␣-cluster contains sequences with LCR function. A clue to the possible presence of LCR elements in the 5' region of the cluster came from human natural deletions of that region. These deletions, like the ␥␦␤-thalassemia deletions of the ␤-cluster, removed an HS located at Ϫ40 kb from the -gene and abolished the expression of all downstream genes. Moreover, the Ϫ40 HS core element displayed the same DNA binding sites (GATA-1, NF-E2, and CACCC binding proteins) of the ␤-globin cluster HS elements and behaved as an enhancer in transient and stable expression assays. Because of these features, HS-40 was thought to correspond to the ␤-globin LCR. However, when studied in transgenic mice, the Ϫ40 HS was expressed at high levels (54) (Fig. 3 ) but failed to show any LCR activity. In fact, the expression of the transgenes bearing that site was variable and dependent on the site of chromatin integration, was not copy number dependent, declined with time, and never reached a level of expression relative to the endogenous mouse globin genes that was comparable to those attained by the ␤-globin LCR. Complementing LCR functions were not present in adjacent sequences up to an extension of hundreds of kilobase in PAC transgenes bearing the full telomeric region of the short tip of chromosome 16. Interestingly, a natural deletion of the cluster that occurred in the 3' region but spared the ␣2-gene was found to completely inactivate the structurally normal ␣-globin gene, raising the possibility that the ␣-LCR could be located in the 3' region of the cluster. However, further work has established that there is no LCR activity in the deleted region and that the likely explanation for the lack of expression is the spread of heterochromatin and DNA methylation from adjacent Alu sequences into the juxtaposed ␣-globin gene. Such a mechanism of gene inactivation has never been observed in the deletions of the ␤-globin gene cluster. Thus, in spite of the observation that in a human chromosomal translocation, in which the ␣-cluster is displaced in pieces of at least 1 Mb of chromosome, the ␣-globin gene expression in the derived chromosome is normal, the experimental evidence accumulated so far does not yet support the existence of an ␣-globin LCR. Recently, fluorescence in situ hybridization experiments that made it possible to determine the distance of the locus from the centromere during the cell cycle demonstrated another significant difference between the ␣-and ␤-locus. In erythroid cells, the ␤-globin cluster has been shown to overlap the centromere and to move away from it while changing from an inactive to an active state of expression. In nonerythroid cells, the ␤-locus permanently resides in close proximity to the centromere. Signals generated from the ␣-globin cluster, on the other hand, never overlap the centromere and the expression is always active, independent of the cell cycle phase and of the cell line phenotype (D.R. Higgs, personal communication).
FACTORS AND GLOBIN DISEASES
Even though the majority of the defects leading to ␤-thalassemia are splicing, frameshift, or nonsense mutations of the ␤-globin gene, and defects producing ␣-thalassemia are more or less extended ␣-globin gene deletions, some human mutations occur within the regulatory regions or in unlinked modifying genes. These mutants will be discussed here because they contribute to an understanding of the mechanisms by which the expression of the globin gene is regulated. Besides the already mentioned large deletions that remove the globin LCR and determine ␥␦␤-thalassemias, many other point mutations are known to affect globin gene expression or produce thalassemia by altering regulatory sequences in the promoter or enhancer regions of the ␤-globin gene cluster. Some of these mutations fall in regions that are binding sequences or recognition sites for general transcription factors such as the TATA box, the Cap and polyadenylation sites. Interestingly, in the ␤-globin promoter a cluster of point mutations that determine mild ␤-thalassemia occur in the ␤-globin proximal CACCC box, where nine different mutations have been described (57) (for a complete description, see the human globin gene database, available at http://globin.cse.psu.edu). The distal CACCC, on the other hand, hosts only one mutation (at position Ϫ101 from the Cap site), which is associated with silent ␤-thalassemia,. All the mutations in the proximal and distal CACCCs correspond to invariant nucleotides of the consensus site for EKLF and determine reduced binding and transactivation by (58, 59) . No mutations have been reported yet in the variant nucleotides. Thus, the mechanism by which the mutations in the ␤-globin CACCCs determine silent ␤-thalassemia is through interference with EKLF function. Also noteworthy is the absence of mutations in the ␤-globin CAAT box, which suggests that this element is either less important than the CACCC boxes or bound by a repressor.
GLOBIN GENE REGULATION
Unlike ␤-globin, mutations in the ␥-globin usually are associated with a gain of function. In fact, mutations causing lack of function may go undetected because of the limited expression of the gene in the fetus or early intrauterine death. The condition of increased ␥-globin expression is generally associated with large cluster deletions or promoter point mutations and is known as hereditary persistence of Hb F (HPFH) (8) . Like the previously discussed silent ␤-thalassemias, HPFH point mutations tend to be clustered in specific promoter regions that are binding sites for known and unrecognized factors with the action of which they interfere (Fig. 2) . HPFH from mutations of the distal ␥-globin CAAT box are probably the consequence of reduced binding of the recently recognized factor NFE3/COUP-TFII, which, in this setting, appears to act as a repressor. On the other hand, an HPFH mutation at position Ϫ175 has been associated with increased binding of the transcription factor GATA-1 (60) . Interestingly, the same GATA-1 protein has been shown to bind more tightly to a ␦-thalassemia mutant of the 3'-untranslated region than to the wild-type sequence and thus, it is proposed to act as a repressor in that context (61) . Three other HPFH genes acting in trans to the globin cluster have been mapped on the X chromosome (62) and on the long arm of chromosomes 6 (63) and 8 (64) . In the Sardinian population, more HPFH genes exist that do not map to these regions and are the subject of a genome-wide search to pinpoint the corresponding loci and clone the genes. In the same population, ␤-thalassemia patients with identical genetic mutation (␤°39 nonsense) and homogeneous genotypes in the ␤-globin cluster display different clinical phenotypes of ␤-thalassemia (transfusion dependent and independent) (65) . This suggests the existence of supplementary HPFH modifying genes that could be identified by expression profile analysis.
An (AT)x(T)y polymorphic region at Ϫ530 from the ␤-globin cap site has also been shown to bind a repressor protein, BP1 (66) , which decreases transcription of linked ␤ and ␤ S genes (66, 67) . However, other studies have raised the possibility that this polymorphic region might be functionally silent or produce a measurable effect only in condition of erythropoietic stress (68) .
Lastly, among the cis linked defects it is useful to consider the partial or complete deletions of the ␤-globin promoter. In fact, these deletions support the current competitive model of the function of the LCR, which predicts that in the absence of the ␤-globin promoter upstream, genes will have more chances and time for interaction with the LCR and thus will have greater expression. This is confirmed by the unusually high levels of HbA 2 (Ͼ6.5%) and HbF in ␤-globin promoter deletions (69) and by the attenuated thalassemia phenotypes of the fusion chain variant, Hb Kenya, in which the complete deletion of the ␤-promoter leads to an increase in the expression of the ␥/␤-globin fusion gene. In the other, more common, fusion variant, Hb Lepore (␦/␤) (70), compensation is not sufficient because it depends on a transcriptionally weak ␦-globin promoter.
Recently, defects in regulatory genes that affect hematopoiesis and globin gene expression have been reported in human patients. The majority occur in the ATR-X gene (71), which is a transcription factor homologous to SNF2 (72, 73), a helicaseATPase protein. Mutations in the ATR-X gene (74) determine ␣-thalassemia, associated with a severe form of mental retardation and genital anomalies. Conversely, defects that alter the transcription functions of a different helicase, the XPD gene protein, determine a phenotype of trichothiodystrophy and a condition of ␤-thalassemia (75) . The reason why defects in apparently ubiquitous factors affect specifically the expression of the ␣-or the ␤-globin gene is not yet known, but is probably due to the differential promoter recruitment mediated by promoter specific interacting proteins.
The other regulatory gene found to host human mutations is GATA-1. A missense mutation in the amino Zn finger (val205met) of GATA-1 occurs in a highly conserved residue that participates in the interaction with Fog-1 (76) . The resulting clinical phenotype is not lethal, but rather produces a condition of X-linked dyserythropoiesis with thrombocytopenia and the need for in utero transfusion. Thrombocytopenia was not part of the GATA-1 null phenotype, which was early lethal, but it was experimentally produced by a knock-down mutation of the GATA-1 promoter (77) . A second mutation within GATA-1, opposite to the docking site for Fog, determines thrombocytopenia and ␤-thalassemia (78) .
Despite all these advances, many missing factors need to be cloned and characterized in their reciprocal interactions and in the hierarchies they establish before the complete fascinating puzzle of the regulation of the globin gene will be solved.
